Ahstract-The aim of this paper is to present new results on the Buck converter control. The behaviour of the buck converter is described by the well-known average model and the control strategy is based on a double integral high gain control law including an estimation of current load. This control scheme rejects efficiently the disturbances introduced by the battery dynamics that depends on both the coil current and its charge level. Of particular interest, this nonlinear control algorithm ensures on the concerned open subset exponentially convergence of the state errors on the entire domain in a free disturbance case. The control law performances are evaluated regarding load and supply variations.
I. INTRODUCTION
Control of DC / DC buck converters has been highly investigated in the two last decades for two main reasons. Firstly, these components are actually used in many practical applications of great interest especially electrical vehicles and embedded systems. In a second way, these converters have nonlinear dynamics and a discontinuous behaviour which is of great investigation interest in the field of nonlinear control. Its rapid structure variation is accounted for using averaged models [I] , [2] . Based on the latest one, different nonlinear control techniques have been developed, including passivity techniques [2] , sliding mode [3] , back stepping [4] , feedback linearization and, more generally, flatness methods [5] .
All these approaches have the same objective that is to say controlling the converter output voltage despite the variations of the different physical variables governing its behavior. The control scheme performance is mainly studied as regards the uncertainties on the components and the load current disturbances and the changes in supply voltage. In fact, the latest one is inherent to embedded systems because the energy storage device is usually a battery that provides a voltage which depends on the supplied current and its charge level. In general, the proposed algorithms attenuate the effects of disturbances thanks to their intrinsic properties or by
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In this paper, the proposed control law deals with the two main disturbances in a different way. Firstly, the input voltage variations induced by the charge level may be considered in a first approximation as ramp-like type and can consequently be taken into account with a double integral action. Secondly, the average model of the buck converter exhibits a minimum -phase behavior which allows exactly rejection of the load current perturbations using a feed-forward action [6] based on an online estimation of the load current and its first derivative.
This paper is organized as follows. In the second section, the average buck converter model is presented and its nonlinear state-space representation is given. A change of variables is introduced to conduct the original model into the control model which is used to synthesize the proposed high gain control law. A feed-forward type action is introduced to perform well in the presence of specific disturbances. A nonlinear high gain observer is synthesized to deliver on line estimation of those whose measurements are not available. Section 3 is devoted to the simulation results which are discussed for both the observer and the control law performances. Conclusions are given in the last section.
II. CONTROL MODEL AND CONTROL ALGORITHM

A. Boost Modeling
The Buck DC / DC converter which is considered in this paper is described on figure 2. The average electrical scheme includes a coil (L) with its internal resistor (RL), a diode, a capacitor (C) and a controlled power switch. The average control model can be described by the following dynamical system
where idt) and vJt) respectively denote the input current and the output voltage, i(t) denotes the load current. The control variable is u(t) and is related to the switch duty cycle. The control model can be described by the following state space model
and F and G are defined as
The varying-time equilibrium point of (1) associated to
As we shall see later, the expression of the proposed control law includes the variable u * (t ) which depends on both the load current and its first derivative. One of the objectives is to design a load current sensor-less nonlinear control law for the on line monitoring of the output voltage of the buck DC I DC converter. Consequently, one shall use an observer which provides on-line estimate of both i (t ) and its derivative. Such an observer can be designed using the sole output voltage and coil current measurements.
For that purpose, let us first define the following state space vector
Using the output voltage dynamics (1), the observer design model can then be written under the following canonical and uniformly observable form
where 1] denotes an unknown constant whose upper bound is denoted by O. The underlying load current model is motivated by the class of disturbances the control scheme as to deal with, namely ramp-like variations. System (6) belongs to the class of systems proposed in [8] and for which the underlying high gain observer has been proposed
where xo; (t) denotes the estimation of xoJt) with i E {1,2,3} and e is the observer design parameter. Using observer (7), the estimation ii' (t ) of u ' (t ) can be easily
Under the hypothesis that 0 is bounded, the trajectories of observer (7) satisfy the following property [II] :
where m > 0 is real constant. In this case, the estimation error remains in a ball whose radius can be made as small as desired by choosing 0 high enough. This implies that the error of estimation ii ' (t ) = zt (t ) -u ' (t ) also remains in a ball whose radius depends on e. In fact, one has
Hence, using (8), (9) and (10), one obtains
To design the controller, let us define the following Environment-Friendly Energies and Applications (EFEA) Northumbria University change of variables
where
The control objective can be expressed in the new coordinates where the variables Wi(t) and W2(t) should be kept in the neighborhood of a pre-specified couple of reference values defined as {W; = ex;
The underlying control variable u (t) must be synthesized to ensure that
t-->� According to (2) and (9), the dynamics of the tracking errors can be expressed as
In order to compensate the ramp-like disturbances, the control algorithm must integrate a double integral action.
Consequently, and using (14), the control model is given by ret ) = a ( t )
6" ( t ) = W I ( t )
The control model (/5) can be written under the following canonical form
27
The state-feedback high gain control law based on the control model (/6) and using the estimation of the current load and its derivative as well as the input voltage measurement can be written as follows
where r,l is the following diagonal matrix 
This feedback gain choice is mainly motivated by the simplicity of the design procedure which is based on a sole parameter even in the case of multivariable systems [9] . Furthermore, the high bandwidth value of the process under consideration enables such a choice.
Of particular interest, the first term of the control law i)' ( t ) ensures both a perfect tracking performance capability as well as a feed-forward type action as regards the load current disturbances whose estimation are on-line delivered by the observer (8).
U sing this expression (19) of u ( t), I lz( t )11 remains bounded and converges exponentially for high values of the design parameter A.
Proof
The different steps of the proof have been proposed in [6] whenever the input non-linearity is exactly compensated which actually corresponds to the nominal but restrictive case v e ( t ) = v; . As a result, a few calculus lines have been omitted and the reader is invited to refer to [6] for more details.
Introducing the expressions (19), (20) and (21) of the control law in the control model (16), one obtains Vet ) = -/LV(t ) + El (t )Sl;ttp (z (t ))
-2 Akc vc�t ) ZT (t )S BBTS z(t ) ve (27)
Set the following change of variablesq(t) = Sz(t). Then one has V(t ) = -/LV(t ) + 2ZT (t )Sl;ttp (z (t ))
which leads to With this inequality, we obtain an expression similar to [6] and we invite readers to see the end of the proof in this paper.
III. SIMULATION RESULTS
In this section, the integral high gain control law (J 9) is applied to a chopper buck converter supplied by a battery. Given the complexity of phenomena involved in electro chemical battery, we will take an approximate dynamic model corresponding to an equivalent source with its internal impedance as described on figure 2 [7] . The source voltage profile EN(t ) including a ramp disturbance from EN(t)=14V to EN(t)=12.5V from time t=10s up to time t=50s is presented on figure 3 . The figure 4 shows the load resistor R(t) profile. This profile imposes the following load current one i(t) = V; / R(t). It consists of two steps and two ramps in opposite sign filtered by a second order transfer function (dumping factor= 1 and wn=60rd/s). The supply voltage disturbance occurs when the after load current one has been effectively rejected. A step like disturbance with magnitude 0.5V is applied to the output voltage at t = 50s. Finally, the output voltage values have been corrupted by a measurement noise with zero mean value and a standard deviation equal to 0.00025V.
Several simulations have been carried out in order to obtain the optimal control design parameters as regards the input and output performances. The following values have been selected:
A, = 50, e = 50, kc = 5
The input voltage v e(t) is presented on figure 5 . The voltage firstly quickly drops because of the impedance of the battery. On the other hand, the observed variations beginning at time t=35s are due to the ramp like disturbance applied to EN(t ). The output voltage vert ) and the estimated output voltage performance are shown in figures 6 and 7. The results are presented on two separated figures to see with more accuracy the effect of the different disturbances. Figure 6 shows the good performances of the control law. In fact, the effects of the load current and the supply voltage perturbations are below the measurement noise magnitude. Of particular interest, the double integral action obviously ensures the static error to be null. In Figure 7 , we see that the control law rejects efficiently the output disturbance voltage Environment-Friendly Energies and Applications (EFEA) Northumbria University with the dynamics of the observer.
The other simulation results are shown in figures 8 to 11. In particular, the control variable is presented on figure 11 . The input performances are relatively well filtered whereas the output voltage values have been corrupted by noise measurements. Finally, the coil current (figure 9) profile follows the load current one (figure 8) as we stated it for the control law synthesis.
• Supply voltage Ev(t) simulation profile 
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50 60 In this paper, we have presented a non linear control law for buck DC/DC static converter. The high gain state feedback controller has been synthesized using the nonlinear model. The main interest of this approach comes from the fact that globally exponentially stability of the control scheme has been proved for the considered class of model. Of great interest the load current disturbances are exactly rejected and the control scheme deals with the drift of the voltage supply without any additional sensor. Numerical simulations have been carried out and the obtained results confirm the good performances of the proposed control scheme. Experimental evaluation of the control algorithm is actually under investigations.
